Introduction {#S0001}
============

The brain is an important organ with high perfusion, elevated oxygen consumption, high metabolism and low energy reserve. Cerebral ischemia and hypoxia can cause ischemic stroke, which accounts for about 80% of strokes.[@CIT0001],[@CIT0002] Ischemic stroke has a catastrophic impact on people's life and has an extremely high incidence and mortality rate worldwide.[@CIT0003] Cognitive impairment is one of the most common complications of a stroke. Clinically, intravenous thrombolysis combined with alteplase or intra-arterial thrombectomy is an effective strategy for the treatment of ischemic stroke therapy.[@CIT0004] However, it may also aggravate the injury by inducing cerebral ischemia-reperfusion (CI/R)[@CIT0005]. Hence, it is of profound significance to find new drugs with high efficiency and low toxicity for the prevention and treatment of CI/R injury. Chlorogenic acid (CGA, 5-O-caffeoylquinic acid) is a polyphenol component isolated from *Coffea canephora, Coffea arabica L*. and Mate (*Ilex paraguariensis A. StHil.)*. Studies have shown that CGA has many physiological functions, such as neuroprotection,[@CIT0006] neuronutrition,[@CIT0007] anti-oxidation[@CIT0008] and anti-inflammatory.[@CIT0009] Clinical studies have shown that CGA relieved mental fatigue and headaches and had a positive effect on patients' mood.[@CIT0010] In addition, CGA increased the survival of dopaminergic neurons[@CIT0011] and improved spatial learning and memory.[@CIT0012] Moreover, CGA enhanced the therapeutic effect of tissue plasminogen activator (tPA)[@CIT0013] and reduced oxidative stress and neuroinflammation caused by MPTP.[@CIT0014]

Oxidative stress (OS) is one of the core processes of CI/R.[@CIT0015] Numerous studies have shown that NF-E2-related factor 2 (Nrf2) pathway is the most important antioxidant stress system in vivo and plays an important role in regulating oxidative stress-induced apoptosis and CI/R[@CIT0016]--[@CIT0018]. Negative regulatory nuclear transcription factor Nrf2 is a transcription factor that regulates the expression of a large number of antioxidant protein genes.[@CIT0019] Endogenous antioxidant enzymes induced by Nrf2 play an important role in many diseases.[@CIT0020] Previous studies have shown that CGA improved osteoporosis by activating Nrf2/HO-1 pathway. However, whether CGA can improve CI/R injury by regulating Nrf2/HO-1 pathway remains to be further studied.

In this study, we elaborated the role of CGA in CI/R injury in rats and its molecular mechanism. All data suggest that CGA attenuates CI/R injury by reducing oxidative stress through the Nrf2 signaling pathway.

Materials and Methods {#S0002}
=====================

Animal {#S0002-S2001}
------

All animal experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by Luoyang Central Hospital Affiliated to Zhengzhou University. A total of 70 Sprag-Dawley rats (male, 250--280 g) were obtained from the Animal Center of Luoyang Central Hospital Affiliated to Zhengzhou University and housed in a controlled environment at 25 ± 3°C, humidity 60%, 12-h light/dark cycle with free access to food and water.

Grouping {#S0002-S2002}
--------

Rats were randomly divided into nine groups with ten in each group: Control group; CGA (500 mg·kg^−1^) group, rats were administered with 500 mg·kg^−1^ CGA; CI/R group orally; CI/R + CGA (20 mg·kg^−1^) group, CI/R rats were administered with 20 mg·kg^−1^ CGA orally; CI/R + CGA (100 mg·kg^−1^) group, CI/R rats were administered with 100 mg·kg^−1^; orally CI/R + CGA (500 mg·kg^−1^) group, CI/R rats were administered with 500 mg·kg^−1^ orally;[@CIT0021] ML385 (30 mg·kg^−1^) group, rats were intraperitoneal injected with 30 mg·kg^−1^ ML385; CI/R + ML385 (30 mg·kg^−1^) group,[@CIT0022] CI/R rats were intraperitoneal injected with 30 mg·kg^−1^ ML385, a Nrf2 pathway inhibitor. CI/R + CGA + ML385 group, CI/R rats were intraperitoneal injected with 30 mg·kg^−1^ ML385 30 mins before CGA (500 mg·kg^−1^) administration.

Model {#S0002-S2003}
-----

The rats were anesthetized with sodium pentobarbital (0.84 mL) and fixed supine after 1 hr of gavage on day 7. The bilateral common carotid arteries (CCA) were separated and clamped with a micro-arterial clamp for 10 mins, released for 10 mins, and clamped for another 10 mins.[@CIT0023] The rats in the control group received the same surgery, but no clamp. The rats that woke up from anesthesia were put back in their cages and given a random diet and water.

Step-Down Test {#S0002-S2004}
--------------

The Step-down test was employed to observe the learning and memory ability of rats. The Step-down test was carried out in accordance with the method of Longa et al[@CIT0024] In brief, the rats were placed on a diving platform to familiarize themselves with the environment for 3 mins, and then powered on for 5 mins. After training, the rats were received the same treatment, and the error times to jump off the platform within 5 mins was observed.

Y Maze Test {#S0002-S2005}
-----------

The Y maze experiment was applied to evaluate spatial memory and spatial reference memory of rats. Y maze is randomly divided into three arms: the new arm, starting arm and the other arm. The Y maze experiment includes two steps. In the first step, the new arm was closed, and the rats were allowed to explore freely the other two arms of 10 mins. Second, open all the arms and let the rats move freely among the three arms for 5 mins. Video software tracking system was used to track the time and number of times the rats stayed in the new arm to evaluate the spatial recognition, memory ability and active ability of the rats.

2,3,5-Triphenyltetrazolium Chloride (TTC) Assay {#S0002-S2006}
-----------------------------------------------

The brain tissue was removed, washed with saline and cut into 2-mm thick sections. Subsequently, the sections were exposed to 1% TTC solution (Oxoid, Hampshire, UK) at 37°C for 30 mins in the dark, and then fixed in 10% formaldehyde for 24 hrs and photographed. Unstained areas were defined as infarcted areas. Actual corrected edema infarct volume was calculated by dividing the infarct volume by the edema index, which was calculated by dividing the total volume of the left hemisphere by the total volume of the right hemisphere.[@CIT0025] The total wet weight of brain tissue was measured, and the normal brain tissue and infarct tissue were placed in a 105°C oven for 24 hrs and the dry weight was measured, respectively. Brain water content (%) = (total wet weight of brain--total dry weight of brain)/total wet weight of brain × 100%; brain Index (%) = brain weight/body weight × 100%

Neurological Function Assessment {#S0002-S2007}
--------------------------------

According to the Zea-Longa scoring system,[@CIT0026] the neurological scores of rats in each group were as follows: 0 = no symptoms of neurological impairment; 1 = unable to extend the contralateral forepaws; 2 = turn to the hemiplegic side when walking; 3 = dumping to the hemiplegic side; 4 = unable to walk spontaneously, unconscious.

RT-qPCR {#S0002-S2008}
-------

The mRNA levels of BDNF and NGF were detected by RT-qPCR. In brief, total RNA (1μL) was isolated from ischaemic brain tissue using the RNeasy Midi kit (Qiagen, Valencia, CA) and reversely transcribed to cDNA using FastKing One Step RT-PCR Kit (Tiangen, Beijing, China). Then, qPCR was performed with SYBR Premix Ex Taq II enzyme (Takara, Shanghai, China) on BioRad CFX96 Sequence Detection System (BioRad, Shanghai, China). GAPDH was employed as normalization. Products were detected by agarose gel electrophoresis and stained with GoldView (Solarbio, Beijing, China). Fold change is analyzed by comparative Ct value method. Primers were provided below:

BDNF, F, 5ʹ- CCGTAACGATACGACTACG −3ʹ; R, 5ʹ- GTACATGCAACTGCTGAC - 3ʹ NGF, F, 5ʹ- TGTGCACATGCTACGTCCT' - 3ʹ; R, 5ʹ- ACTGCTCGACCAAGCCGC - 3ʹ GAPDH, F, 5ʹ- TCATGCATGCTGACGCTAC - 3ʹ; R, 5ʹ- TTGTACTGCCTGCACTGC - 3ʹ

Western Blotting {#S0002-S2009}
----------------

Protein was extracted from Ischaemic brain tissues using a Tissue protein Extraction Kit (PHYGENE, Beijing, China) with protein phosphatase inhibitors. The protein concentration was determined using the BCA protein assay kit (Takara, Dalian, China). After that, the protein (20 μg) was separated by 10% SDS-PAGE and then transferred onto a PVDF membrane (Roche, Beijing, China). Then, the sample was cultured with the diluted primary antibodies anti-BDNF (ab108319, 1:5000, Abcam, UK), anti-NGF (ab6199, 1:5000, Abcam, UK), anti-Actin (ab179467, 1:5000, Abcam, UK), anti-Caspase 3 (ab13847, 1:5000, Abcam, UK), anti-cleaved caspase 3 (ab2302, 1:5000, Abcam, UK), anti-Caspase 9 (ab202068, 1:5000, Abcam, UK), anti-cleaved caspase 9 (ab2324, 1:5000, Abcam, UK), anti-Nrf2 (ab62352, 1:5000, Abcam, UK), anti-NQO-1 (ab28947, 1:5000, Abcam, UK) and anti-HO-1 (ab13243, 1:5000, Abcam, UK) overnight at 4°C. The next day, the samples were incubated with the secondary antibody at room temperature for 2 hrs. The protein signal was detected by the ECL kit (Millipore Corp. Bedford, MA, USA).

Hematoxylin and Eosin (HE) Staining {#S0002-S2010}
-----------------------------------

H&E staining was applied to detect the histopathological lesion. Hippocampal neurons were fixed with 4% paraformaldehyde, embedded in paraffin and cut into slices. The histological changes of brain tissue were observed by TissueFAXS (TissueGnostics, Vienna, Austria) at 400× magnification.

TUNEL Staining {#S0002-S2011}
--------------

Paraffin-embedded brain cortical tissue was fixed in xylene, hydrated with a gradient of ethanol, and permeabilized with proteinase K for 30 mins. Subsequently, brain tissue was subjected to TUNEL reagent for 1 hr at 37°C, followed by photography, and the brown-labeled cells were TUNEL-positive cells.[@CIT0027]

Detection of Oxidative Stress {#S0002-S2012}
-----------------------------

ROS production in ischaemic brain tissues was detected by Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China). Malondialdehyde (MDA) was measured by Lipid Peroxidation MDA Assay Kit (Beyotime, Shanghai, China) and glutathione peroxidase (GSH-Px) was detected by Glutathione Reductase Assay Kit (Beyotime, Shanghai, China). Superoxide dismutase (SOD) were determined by Total Superoxide Dismutase Assay Kit with NBT (Beyotime, Shanghai, China), and LDH was measured according to the method of Zhu et al.[@CIT0028]

Statistical Analysis {#S0002-S2013}
--------------------

All data are presented as mean ± standard deviation (SD). GraphPad prism 5 and one--way ANOVA followed by Tukey's post hoc test were employed for data analysis. P \< 0.05 was deemed as statistically significant difference.

Results {#S0003}
=======

CGA Mitigates Brain Damage in Rats with CI/R {#S0003-S2001}
--------------------------------------------

The learning and memory ability of rats was reflected by Step-down test. As shown in [Figure 1A](#F0001){ref-type="fig"}, the number of mistakes in the CI/R group was significantly higher than that in the control group and the CGA group, while different doses of CGA (20, 100 and 500 mg/kg) significantly reduced the number of mistakes caused by CI/R. Secondly, the Y maze test was used to detect spatial memory impairment. As shown in [Figure 1B](#F0001){ref-type="fig"}, compared with the control group and the CGA group, the number of the times the CI/R rats entered the new arm was decreased, while the number of times the CGA-treated CI/R rats entered the new arm was increased in a dose-dependent manner. In addition, compared with the control group and the CGA group, CI/R treatment also caused an increase in cerebral infarction volume, cerebral water content and cerebral index in rats. Interestingly, CGA treatment prevented CI/R from promoting brain injury in a dose-dependent manner ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). In summary, these results suggest that CGA mitigates brain damage in CI/R rats.Figure 1CGA mitigates brain damage in rats with CI/R. Rats were randomly divided into six groups with ten in each group: Control group; CGA group; CI/R group; CI/R + CGA (20 mg·kg^−1^) group; CI/R + CGA (100 mg·kg-1) group; CI/R + CGA (500 mg·kg-1) group. (**A**) The number of mistakes in jumping platform was detected by Step-down test. (**B**) The number of new arm entries was detected by Y maze test. (**C**) Cerebral infarction volume. (**D**) Cerebral indexes. (**E**) Cerebral water content. \**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group.

CGA Alleviates Nerve Injury in Rats with CI/R {#S0003-S2002}
---------------------------------------------

Next, this study explored the effect of CGA on neurological impairment. As shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, neurological deficit scores were increased in the CI/R group compared with the control group and the CGA group, while decreasing in the CGA-treated CI/R rats in a dose-dependent manner. Besides, RT-qPCR and Western blotting showed that CI/R treatment inhibited the expression of brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) at both RNA and protein levels, while CGA treatment significantly reversed the inhibitory effects ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). In summary, these results indicate that CGA alleviates nerve injury in CI/R rats.Figure 2CGA alleviates nerve injury in rats with CI/R. Rats were randomly divided into six groups with ten in each group: Control group, CGA group; CI/R group; CI/R + CGA (20 mg·kg^−1^) group; CI/R + CGA (100 mg·kg-1) group; CI/R + CGA (500 mg·kg^−1^) group. (**A**) Neurologic deficit score. (**B**) Postural reflex score. (**C**) The mRNA level of BDNF and NGF was measured by RT-qPCR. (**D**) The protein level of BDNF and NGF was measured by Western blotting. Actin was used as internal reference. \**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group.

CGA Alleviates Oxidative Stress Induced by CI/R in Rats {#S0003-S2003}
-------------------------------------------------------

This study examined the effect of CGA on oxidative stress. As shown in [Figure 3A](#F0003){ref-type="fig"}--[E](#F0003){ref-type="fig"}, compared to the control group and the CGA group, CI/R treatment reduced the activity of SOD and GSH, and promoted the release of LDH and the production of MDA and ROS. It is worth noting that after treatment with different doses of CGA (20, 100 and 500 mg/kg), the activities of SOD and GSH in CI/R rats were increased, while the contents of LDH, MDA and ROS were decreased in a dose-dependent manner. These results indicate that CGA alleviates oxidative stress induced by CI/R in rats.Figure 3CGA alleviates oxidative stress induced by CI/R in rats. Rats were randomly divided into six groups with ten in each group: Control group, CGA group; CI/R group; CI/R + CGA (20 mg·kg^−1^) group; CI/R + CGA (100 mg·kg-1) group; CI/R + CGA (500 mg·kg-1) group. (**A**) SOD. (**B**) GSH. (**C**) LDH. (**D**) ROS production. (**E**) MDA. \**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group.

CGA Improves the Pathological Damage of Hippocampal Neurons and Reduces Apoptosis in Rats with CI/R {#S0003-S2004}
---------------------------------------------------------------------------------------------------

Pathological damage of hippocampal neurons in rats was measured by H&E staining, and apoptosis rate of cerebral cortex cells was detected by TUNEL staining. As shown in [Figure 4A](#F0004){ref-type="fig"}, hippocampal neurons in the control group and CGA group were structurally complete and closely arranged. The nuclei were normal, and the nucleoli were clear with a uniform staining. However, in the CI/R group, the structure of hippocampal neurons was severely damaged, with nuclear deformation, shrinkage, hyperchromia and even disappearance. Besides, the cells were loosely arranged and began to form cavities. It is worth noting that CGA treatment improved the structural damage of hippocampal neurons induced by CI/R and reduced the cavity structure in rats. In addition, TUNEL staining showed that the number of brown labeled apoptotic cells in CI/R group was significantly higher than that in control group and CGA group. Notably, CGA treatment prevented cortical cell apoptosis in a dose-dependent manner. Similarly, Western blotting analysis showed that CI/R treatment promoted the expression of cleaved caspase 3 and cleaved caspase 9. On the contrary, CGA treatment abolished the promotional effect on the expression of cleaved caspase 3 and cleaved caspase 9 ([Figure 4B](#F0004){ref-type="fig"}). All these data suggest that CGA improves the pathological damage of hippocampal neurons and reduces apoptosis of cerebral cortex cells in CI/R rats.Figure 4CGA improves the pathological damage of hippocampal neurons and reduces apoptosis in rats with CI/R. Rats were randomly divided into six groups with ten in each group: Control group, CGA group; CI/R group; CI/R + CGA (20 mg·kg^−1^) group; CI/R + CGA (100 mg·kg^−1^) group; CI/R + CGA (500 mg·kg-1) group. (**A**) The pathological damage of neurons in rat hippocampus was measured by H&E staining and the apoptosis of cerebral cortex cells was detected by TUNEL staining. (**B**) The protein level of BDNF and NGF was measured by Western blotting. Actin was used as internal reference. \**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group.

Nrf2/NQO-1/HO-1 Pathway Is Involved in the Role of CGA in CI/R Rats {#S0003-S2005}
-------------------------------------------------------------------

The potential molecular mechanism of CGA on CI/R was investigated by Western blotting analysis. As shown in [Figure 5A](#F0005){ref-type="fig"}, the expression of Nrf2 pathway proteins (Nrf2, NQO-1 and HO-1) was significantly inhibited in CI/R rats. However, levels of Nrf2, NQO-1 and HO-1 were dose-dependently up-regulated after treatment with different doses of CGA (20, 100 and 500 mg/kg). The Nrf pathway inhibitor ML385 (10 μ M) further confirmed that Nrf2 pathway was involved in the role of CGA. As shown in [Figure 5B](#F0005){ref-type="fig"}, protein levels of Nrf2, NQO-1 and HO-1 in healthy rats treated with ML385 alone were significantly lower than those in the control group. Similarly, the expression of Nrf2, NQO-1 and HO-1 was reduced in CI/R rats. Interestingly, CGA treatment reversed the decrease in CI/R-induced Nrf2 pathway-associated protein expression, whereas ML385 aggravated the inactivation of the Nrf2 pathway. Further functional experiments showed that ML385 aggravated CI/R-induced neuronal injury, apoptosis and oxidative stress in rats. However, CGA treatment counteracted the damage of ML385 to CI/R rats ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). All these results suggest that Nrf2/NQO-1/HO-1 pathway is involved in the role of CGA in CI/R rats.Figure 5Nrf2/NQO-1/HO-1 pathway is involved in the role of CGA in CI/R rats. (**A**) Rats were randomly divided into six groups with ten in each group: Control group; CGA group; CI/R group; CI/R + CGA (20 mg·kg^−1^) group; CI/R + CGA (100 mg·kg-1) group; CI/R + CGA (500 mg·kg-1) group. The protein level of Nrf2, NQO-1 and HO-1 was measured by Western blotting. Actin was used as internal reference. (\**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group). (**B**) Rats were randomly divided into five groups with ten in each group: Control group; ML385 group; CI/R group, CI/R + CGA (500 mg·kg^−1^) group; CI/R + ML385 (30 mg·kg^−1^) group. The protein level of Nrf2, NQO-1 and HO-1 was measured by Western blotting. Actin was used as internal reference. (\**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group; ^&^*p*\<0.05 vs CI/R+ML385 group). (**C**) The pathological damage of neurons in rat hippocampus was measured by H&E staining and the apoptosis of cerebral cortex cells was detected by TUNEL staining. (**D**) SOD. (**E**) MDA. \**p*\<0.05 vs control group; ^\#^*p*\<0.05 vs CI/R group; ^&^*p*\<0.05 vs CI/R+ML385 group.

Discussion {#S0004}
==========

The incidence of ischemic stroke has continued to increase in recent years.[@CIT0029] Cognitive impairment caused by learning and memory impairment is one of the most common complications of stroke.[@CIT0030] The restoration of blood flow in ischemic stroke will aggravate the injury and give rise to CI/R injury. The occurrence of CI/R injury is related to mitochondrial energy metabolism disorder, excitatory amino acid toxicity, ion balance imbalance, oxidative stress, inflammatory response, apoptosis and blood brain barrier destruction.[@CIT0031] Therefore, the prevention and treatment of CI/R injury is the focus of ischemic stroke therapy. CI/R injury usually result in neurological deficits, cerebral infarction, learning and memory impairment, edema, water content and high brain index. This study investigated the effect of CGA on CI/R injury. The results showed that CGA treatment reduced brain injury, nerve injury and cerebral infarction volume and inhibited neuron apoptosis by reducing CI/r-induced oxidative stress in rats.

In vitro and in vivo experiments have shown that CGA has obvious neuroprotective effects.[@CIT0032],[@CIT0033] Rebai et al pointed out that CGA inhibited endogenous ROS accumulation and restored mitochondrial membrane potential by activating the enzyme antioxidant system, and regulated intracellular Ca^2+^ concentration caused by glutamic acid over-stimulation, thereby protecting cortical neuron injury.[@CIT0033] Heitman et al believe that CGA protected against neurodegeneration and the resulting diseases associated with oxidative stress in the brain.[@CIT0034] Shan et al found that CGA showed a neuroprotective effect by inhibiting 6-ohda-induced ROS production and endoplasmic reticulum stress.[@CIT0035] In addition, Kumar et al investigated the effect of CGA on global CI/R injury. The results showed that CGA significantly reduced cerebral infarction area and Evans blue extravasation and restored cerebral water content. Moreover, CGA reduced the levels of calcium, nitrate and glutamate in the cortex, hippocampus cerebellum and cerebrospinal fluid. CGA significantly reduced the expression of TNF-α, iNOS and caspase-3.[@CIT0036] Similarly, this study found that CGA improved CI/R-induced brain tissue pathology and cortical cell apoptosis in a dose-dependent manner by reducing oxidative stress. In addition, we also found that the role of CGA in CI/R involves the activation of Nrf2 pathway.

CI/R causes brain injury, which is closely related to oxygen free radicals in the brain. CI/R-induced LDH release and MDA accumulation can directly reflect the severity of cerebral ischemia and the degree of lipid peroxidation. SOD and gsh-px are powerful free radical scavenging factors that can reduce CI/r-induced oxidative stress. Nrf2 pathway is the focus of antioxidant research in recent years.[@CIT0037] Nrf2 pathway shows an antioxidant effect by up-regulating a series of endogenous protective genes.[@CIT0038] HO-1 and NQO-1 are two major proteins that resist oxidative stress.[@CIT0039] HO-1 catalyzes the formation of biliverdin, bilirubin and ferritin, thus exhibiting antioxidant activity.[@CIT0040] NQO-1 plays an anti-oxidative stress role by preventing the production of ROS.[@CIT0041] Previous studies have shown that IL-1Ra significantly inhibits CI/R-induced oxidative stress by promoting the expression of Nrf2 and HO-1.[@CIT0042] Similarly, this study found that Nrf2 pathway was inactivated in CI/R rats. Interestingly, CGA reactivated Nrf2 pathway and promoted Nrf2, HO-1 and NQO-1 expression, which further increased SOD activity and reduced MDA level. In addition, CGA inhibited the apoptosis of cerebral cortex cells by reducing CI/R-induced oxidative stress and alleviated the brain pathological damage. As expected, Nrf2 pathway inhibitor ML385 destroyed the effect of CGA on CI/R and exacerbated CI/R-induced pathological damage. Overall, these results suggest that CGA appears to be protective in CI/R rats by regulating pathways related to oxidative stress.

Conclusion {#S0005}
==========

In conclusion, this study elaborated the role of CGA in CI/R in rats and its underlying molecular mechanisms. All the data indicated that CGA had a neuroprotective effect on the CI/R rats by regulating oxidative stress-related Nrf2 pathway.
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